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personnel in dealing with the many problems encountered in the nation's rapidly

developing space and missile systems. Expertise in the latest scientific devel-
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Aerodynamics and Propulsion Research Laboratory: Launch and reentry
aerodynamics, heat transfer, reentry physics, propulsion, high -temperature
chemistry and chemical kinetics, structural mechanics, flight dynamics, atmo-
spheric pollution, and high-power gas lasers.

Electronics Research Laboratory: Generation, transmission, detection,
and processing of electromagnetic radiation in the terrestrial and space envi-
ronments, with emphasis on the millimeter-wave, infrared, and visible portions
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superconducting detectors and laser eevices and technology, including high-
power lasers, atmospheric polli tion, and biomedical prou*.ems.

Materials Sciences Labo aton, Development of new materials; metal
inatrix composites and new foy ms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and components in radiation
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and development of prosthesis devices.
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tion with thermonuclear plasmas; the generation and propagation of plasma
waves in the magnetosphere; chemical reactions of vibralionally excited
species in rocket plumes; and high-precision laser ranging.

Space Physics Laboratory: Aeronomy; density and composition of the
atmosphere at all altitudes; atmospheric reactions and atmospheric optics;
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surements; radiation belts and cosmic rays. and the effects of nuclear explo-
svns, magnetic storms, and solar radiation on the atmosphere,

THE AEROSPACE CORPORATION
El Segundo, California

OTIS r*! tuIil

| u~ldI'Ii;.l..............

IT .
1IST3ISVTK6eoA,Nv&rt.:TV VeGE



UNCLASSIFIED
Security Classification

(Scurt oDOCUMENT CONTROL DATA - R & D
classification of title. body of abstract and indexing annotation must be entered when the overall report Is classified)

I ORIGINATING ACTIVITY (Corporate author) 2. REP'ORT SECURITY CL C.SSIFICA TIOIJ

'The Aerospace Corporation Unclassified
Ei Segundo, California zb GROUP

3 "IEPORT TIVI S

FURIHER STUD1"DIES ON THE DISSOCIATION OF HBr BEHIND SHOCK WAVES

4 OESCRIPTIVE NOTES (Type f report and inclusive dates)

S AUTHORIS) (First name. mlddls Initial. last name)

Norman Cohen, Robert R. Giedt, and Theodore A. Jacobs

6 REPORTODATE 78 TOTAL NO. OF PAGS 10. NO.W REFS

72 NOV 30 "T " 3 -' ° ' 38

8S CONTRACT OR GRANT NO. 91 ORIOINATOR'S REPOOT N'-TI E:(S)

F04701-7Z-C-0073 TR-0073(3240-40- I
h PROJECT NO

C 9b OTMER REPORT NO(S) ,.4ny other numbers that may be sasslnee

I this report)

If SAMSO-TR- 72-291
10. DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

It SUPPLEMENTARY NOTES 12. SPONSORING MILITA&Y ACTIVITY

Space and Missile Systems Organization
Air Force Systems Command
Los Angeles, California

13 ABSTRACT

Previously reported shock tube studies of the dissociation of HBr i,. nhe
temperature range of 2100-4200°K have been extended to lower temperatures
(1450-2300°K) in pure HBr. The course of reaction was followed by monitor-
ing the radiative recombination emission in the visible spectrum from Br
atoms. The results imply that, in the lower range of temperatures, the activa-
tion energy of dissociation can be approximated by the HBr bond energy (88
kcal/mole). It was also found that, in this temperature range, the rate of HBr
dissociation is sensitive to the Br 2 dissociation rate and the HBr + Br exchange
rate. When these rates were adjusted to bring computed reaction profiles into
agreement with experimental ones, it was found that the higher temperature
data could also be fitted reasonably well with an HBr dissociation activation
energy of 88 kcal/mole, contrary to the conclusions of our previous work, which
favored an activation energy of 50 kcal/mole. The "best value" for kAr, the rate

1
coeffilient for HBr dissociation in the presence of Ar as chaperone, appears to
be 101.7±0.3 3 T -LO-88/ cc/mole-sec, where 9 = 2.3 RT/1000; that for kHBr

is 10 2 2 6 6 -210-88/0 . A detailed review is given of the rate coefficients for the
other pertinent reactions in the H 2 - Br 2 system, viz., Br 2 dissociation and

reactions of HBr with H and Br.

DD FORM 141? UNCLASSIFIED



UNCLASSIFIED

Security Classif;cation
14

KEY WORDS

Shock tubes

HH-'r kinetics

Hydv. :&en-bromine kinetics

Eromine-hydrogen kinetics

Chemical kinetics

Dissociation

Br recombination

Distribution Statement Continued)

Abstract (Continued)

UNCLASSIFIED

Securit% Cla,,sification



- w - V

Air Force Report No. Aerospace Report No.

SAMSO-TR-72-291 TR-0073(3240-40)- i

FURTHER STUDIES ON THE DISSOCIATION OF HBr BEHIND
SHOCK WAVES

Prepared by

N. Cohen, R. R. Giedt, and T. A. Jacobs
Aerodyna.•.;cs an,1 Propulsion Research Laboratory

7Z NOV 30

Laboratory Ope rations
THE AEROSPACE CO 9PORATION

Prepared for

SPACE AND MISSILE SYSTEMS ORGANIZATION
AIR FORCE SYSTEMS COMMAND

LOS ANGELES AIR FORCE STATION
Los Angeles, California

Approved for public release;
distribution unlimited



FOREWORD

This report is published by The Aerospace Corporation, E1 Segundo.

California, under Air Force Contract No. F04701-7Z-C-0073.

This report, which documents research carried out from July 1969

through June 1971, was submitted 17 October 1972 to Lieutenant Colonel

Elliott W. Porter, DYA, for review and approval.

T. A. Jacobs is presently with TRW Systems Group, Redondo 3each,

California.

Approved

W. R. Warren, Jr., Director
Aerodynamics and Propulsion
Research Laboratory

Pu-hlication of this r--port does not constitute Air Force approval of the

report's findings or conclusions. It is published only for the exchange and

stinulation of ideas.

/

ELLIOTT W. ?ORTER, LtCol, USAF
Asst Dir, Development Directorate
Deputy for Technology

- ii-



CONTENTS

FOREWORD ...................................... ii

ABSTRACT ................................................. iii

I. INTRODUCTION .............................. I

II. EXPERIMENTAL ............................. 3

III. DATA PRESENTATICN AND ANALYSIS ................. 5

IV. DATA ANALYST.; .............................. 9

V. BRIEF REVIEW OF RATE COEFFICIENTS FOR
THE HBr SYSTEM ............................. It

A. Exch.nge Reactions ............................. 1 I

B. Dissociation-lR.ecomrbinatic- Reactions ............. 17

VI. RESULTS AND CONCLUSIONS ..................... 27

BIBLIOGRAPHY .................................... 37

- Preceding pagoblank



FIGT.RES

1. Experimental Records for Run With Initial Temperature
and Pressure Behind the Incident Shock I548°K, 1.87
atm; and Equilibrium Temperature and Pressure
1488°K, 1.89 atm .............................. 6

2. Measured Equilibrium Emission Intensity Divided by
the Square of the Equilibrium Fromine Concentration
vs Inverse Temperature ......................... 7

3. Experimental Biromine Protmec 'r Seven i£*uns at
Different Initial Temperatures and Pr4z:, zcs ..... ......... 8

4. Experimental Rate Coefficients for Bromine Atom
Recombination in the Presence of Argon as Obtained
by Various Workers .................................... 23

5. Comparison of Experimental Bromine Profile for Run 2
With Computed Profiles for Various Sets of Rate
Coefficients .......... ................................. 28

6. Comparison of Experimental Bromine Profile for Run 26
With Computed Profiles for Various Sets of Rate
Coefficients ......... ................................. 29

7. Comparison of Experimental Profile for Run 42 With
Computed Profiles for Various Sets of Rate
Coefficients .......... ................................. 31

8. Comparison of Experimental Profile for Run 728 of
Ref. 1 With Computed Profiles for Various Sets of
Rate Coefficients ......... .............................. 32

9. Comparison of Experimental Profile for Run 716 of
Ref. I With Computed Profiles for Various Sets of
Rate Coefficients .............................. 34

- V i-



l-w

"TABLES

I. Broni:'r Aton-m Recombination for NI = Ar .............. 18

2. Bronrtine Atom Recombination for M = Br 2.  . . . . . . . . . . . . . 19

3. Bron.int- Atop. Recon.bination for N, = Br ....... ............. 20

4. Bromine Atom Recon-ibination for Various M ............. z

I Triai Rate Coefficients ........... ......................... 30

-vii-



I. INTRODUCTION

The chemical kinetics of the hydrogen halogen systems has becn the

subject of study for about six decades. More specifically, interest in the

reactions betweea hydrogen and bromine dates back to the classic studies in

Bodenstein's laboratory in 1906. The early work, however, concentrated on

reactions predominant in a starting mixture of hydrogen and bromine; the

dissociation of HBr did not receive attention until a decade ago. In this

Laboratory, as part of an extended series of investigations of the behavior of

hydrogen halides behind shock waves, we previously studied the dissociation

of HBr in Ar over the temperature range of Z100-4200°K, using IR emission

and UV absorption techniques [1]. It was necessary to invoke a low activation

energy (compared with the HBr bond energy) in order best to fit the HBr dis-

sociation data. The activation energy was found to be 50 kcal/mole. HBr

was also found to be about 15 times more efficie,,t than Ar as a collision part-

ner in dissociating HBr. In deducing the values for HBr di-sociation rate

coefficients, it was assumed that the rate coefficients for the othcr rtp-ctions,

(Z)-(7) of Section IV, were sufficiently well established to be accepted without

reexaminaaion. It was be>- ved that a detailed inquiry into the validity of that

assumption was unnecessary b,-ause, under the experimental conditions of

those experiments, the disappearance of HBr was determined almost solely

by the direct dissociation reaction.

The purpose of this further study was to determine if the apparent activa-

tion energy more closely approaches the bond energy of 88 kcal/mole as the

temperature is extended downward. At first, the results of the present

experiments were taken to imply that it does. However, as the temperature

is lowered, the kinetic analysis of the data becomes more comp' cated. The

higi. temperature chemistry is sensitive to only the dissociation rate coeffi-

cient, but at lower temperatures, the Br 2 dissociation rate and the HBr + Br

exchange rate play important roles. When these rates were adjusted to bring

computed reacti-on profiles into agreement with experimental ones, it was

also possible to fit the higher temperature data reasonably well with an HBr

dissociation activation energy of 88 kcal/mole.



II. EXPERIMENTAL

The shock tube and related equipment have been described in earlier

work [2]. In all of the experiments reported here, undiluted HBr with a

cylinder purity of 99.8% was used. Noncondensable gas contaminants such as

air were removed by one distillation step (,f freezing with liquid N .

In our previous study of HBr dissociation kint-tics [1], we followed the

HBr concentration change by measuring the IR emission and UV absorption

of the HBr molecule. The present experiments were in a temperature range

where the equilibrium degree of dissociation is relatively small and HBr con-

centration is no longer a sensitive indicator of the progress of the reaction.

Therefore, a third spectrophoton etric technique was used that involved moni-

toring the radiative recombination emission ;- the visible from Br atoms.

This technique has been reported by several other workers: Palmer [3] with

Br 2 , and Araujo [4], Lawrence and Burns [5], and Westberg [6] with HBr.

These works demonstrate conclusively that the radiative recombination emis-

sion is proportional to the square of the Br atom concentration.

Measurements were made simultaneously at three wa-elengths, 5670,
0

6000, and 6330 A, from ports located around the perimeter of the shock tube

at the same axial position. Three identical optical systems consisted of a

sappliire shock tube window, a Suprasil collecting lens, an Optics Technology

interference filter (25 A bandpass), and a RCA Type 6903 photomultiplier.

The primary wa. elength for data reduction was 6330 A because of the expected

small temperature dependence of %-mission intensity and the negligible absorp-

tion by Br 2 at this wavelength [7].
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III. DATA PRESENTATION AND ANALYAIF

The Br radiative recombination emission was recorded at three v.Bible

wavelengths during 33 runs when J.,0% HBr was .-hock hea'.ed to temperatures

of 1450-2300 °K and pressures of 1.0-6.3 atm. A typical oscilloscor - trace

is shown in Figure 1.

The 6330 A wavelength emission was selected for det;iled reaction pro-

file analysis because of thQ extremely small temperature dependence ahown

in Figure 2. The slope of the temperature dependence and the experimental

scatter are approximately the same as in Westberg's results [6] at 6200 A.

Thus, the measured intensity was set proportional to [Br]2 without further

correction for temperature variations or Br 2 absorption.
By replotting the emission data in a slightly different manner, the slope

of the temperature dependence could be used to deduce the electronic states

involved [8]. This was not done in Figure 2 because of the extremely small

temperature dependence and the possible resultant large error from the scatter

shown. Therefore, the assignment of electronic states and choice of banded

versus continuum emission are not discussed here. For purposes of this

experiment, it is sufficient to establish that the measured emission is pro-

portional to the square of the Br atom concentration.

Seven experimental Br atom profiles chosen from more than 30 runs are

shown in Figure 3.
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/ "EMISSION AT 6330 A•

Bit 0

Figure 1. Experimental Records for Run with Initial Temperature and
Pressure Behind the Incident Shock 1548°K, 1.87 atm; and
Equilibrium Terperature and Pressure 1488 0 K. 1.89 atm
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For each ra= a plot w-as ama4e off t-he T~~- - l value of [5r] as a

fc~-a-ton off ja~oozacy *j=&-. -4a1jsis consissed' off ezffort- to =air-h thW-es

P!Ints by the awirOTzriate SeIectirrn o4ff rate coe fcisffCMt e the Wlawing

reactions:

(1) HBr T M - B,- * M

(Zj H ÷ HBr P-Z Br

(3) Br--HBr Br -ZH

(4) Br Sr 11 r?- 3:,

3 2 3(5) ~~Br÷ Br÷ 3=BZ M

(6) Br÷ Br+ '4 BrZ÷ M4

(7) H H M PZ--M

MI and M 5 are acally of the form -F aXi, where the surmiation is over aU

species present. M = Br 2 , 31 = Br, and M, is a weighted summation over

all other species. The coefficient a- represents the efficiency of species X.

as chaperone in the indicated reaction. In these experiments, dissociation of

HBr was never more than IOr, (Brz] was al-ays much smaller than |Br3. and

[HI was always much smaller than [H 2 ]. Thus, it is necessary to sum M. and

M 5 over HB."- and Br only, and %2 can be taken as just HBr- Hydrogen atom

recombination was insignificant under all experimental conditions. Thus, reac-

tion (7) does not need to be discussed further, although it was taken into accojnt

in the calculations, and the rate coefficients usen were the same as in earlier

work 121. The rate coeficients used for reactions (ZW-(7) are discussed in the

following section.

-9-•
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V. BRIEF REVIEW OF RATE COEFFICIN•"TS FOR THE Hr SYSTEM

Abhough uia work has bern done on the reactions in the hydrogen-

romi 1W systr-M. and several reviews bare bee publisbed 19-12). the litera-

rare is such a coenfusmg collkclito of errors. estimates. assualdioss. and

nausurenmets that n-we beli.e amAher overvrie is in order. Because of the

iterrelatiomm-ships in the experinteual determinations. a discussion of the rate

coeifiii•cesn falls Naturally ino tio sections: the emchafte reactions, reactions

JZ) and (3j. am tbe recombination reactions of bromine. reacticas (4)-(6)..

Reaction M. the recombi.atioa of hydrogen atoms. is not discussed fu.-tber

here.

A.- FXCfALXGE REACT IONS

The first kinetic i.a-sof$ the lo.o-n-atio of MBr from the ele-

ments constitmted the classic stidy of Bodenstein and Lnd [13j in 1906. The

investiga'-d the therntal reaction oer the temperature range of 49&-574 K.

V' r 13 years, the complicated kinetics was not eW-ained nmchanisticaly

until Christiansen 1141, Herzffeld 1151, and Polanyi 1161 iendlyPro-

posed the noar accepted mechanism that constitrtes reactions (Z)-(6)- The

rate lar deduced, after some trial and error, by Bodenstei5 and Lind is

d4HBr! = k HI11 Br.1 Z

dt ~ I (1B71
[Br 2

where

K112 m=k1z
k :2k K * mk- /kexp -Z +'-3 2

(The notation Ka. b signifies ka/k. ) They found that reasonable results could

be obtained by assuming m z 10. Their values, where computed for kIexp



appeareg to hr. witrhin experinemAil e-r~ror a Iam rate cseirirtZMS and were

inerdm off reactant or product concentrations-. I odemasteis aind Lied &A~

no extract am analytic expressia for k from their data nor conver theirexp
rrs~ms to standard r--;s. These tasks were left to later interprelers. of

wbom. tbere have brem nuy. who hav wAe always agreed with one anoher.

Tbe empressia e6taimed for rk 6! b Bodensteim and Lir-akewbeyr I IS] is

D, .b sec I VF"*0-4 3 lot T * 13-4 T

-4
-Z- 045,v 10 T* Z- 36x 10 T-

The -aa-l'e of k m ba e toractef ffros k CNP if one knws the eqrilib

cotsns•ar Br dior Srto-a K.- This - ras dome by

Boddemstein and Lkeieer. -bho obtaim.d

log k-Z : 13-S762 - 1764I6.$ .

Bich •itned The cx7ransental data uithin m at all temperatures. By using a

rtewised iraluc for M dbased on Bdenstein and JCimg 1191j) and mlore nw4derm

th-ernodrmarni data. Britton and Cole reconipmted k_ from the data of

Bodeistein and Lind and obtained

log k ,14- 357 -1'3 37/0.

Britton and Cole [171 clain It'hat m actually varies from. about 7 to about IZ

•:th the rat:o of H2 Br,. but -we have been unable to find evidence for such a

staten•'nt. In any case. as they note. since a Z016 error in m induces only a

error in k , the v-alues reported by Bodenstein and Lind [131 for theexp"

latter rate coefficient are still -val;.d.

2The results -f Kassel 10). White [121. and. according to Pease [101,

Schumnacher (Chemische Gasreactionr.-n. Dresden, 1q38. p. 414), are incorrect.

0 2- 3 RT/1000.

- 12-
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Bodensteia and Jung 119g sandied the Fpbaotebencal formation of H15r at

303 and STSK and oberad m ---. &1 * 0. 3 at the lower tI rature a"d

S-. 32* I at the higher trnerature. They concluded that m was temperature-

indepedetus. and their iubcean vwatv of *.4 0 0Z has bees uaed by maw later

workers as the established ratio of k A1 Recetly. however. Sullivan 1201
-3 z

reemamiined the work of Bodenstei and Jung is light of his own lpbaocbentncal

sludes and cacl MdFI thal they did an maasure k_,1k, at all. but rather the

ternooleco1!a reaction

is$ •'!Sr * H • =zHIr

This reactiou is segligible i:m tRern-nal systems in conpar-ison with the acceted

Chain mrechanism-.

Bach, Boehoeffer. and Moebryn-Hug!bes jZlj sta-ied the reactirom oý" hoti-

D and Hp with bromine. the latter a. 549-613K.. After re-omputin taut quite

correctly) the previous data 1131. they found close agreement between the re -

salts of B-odenstei and Lnd and their own Br + H results-. Hoaver. Fettis

and Knox 1321 Eave questioned their relati-e reselts for H and Dz om heoret-

ical grounds and on the basis of !be azalogo.,s H 2 /D. rates wuith Cl atoms. The

data r f Bacb, Bon-Leffer, and XtoclT. -Hughes IZ I. and also of Bodenstein

and Lind 1131 were reconrputed correctly by Pease ft101, wbo used re•v•ed

thermodwnamic data for tbe Br,!/Br equilibriwu.. From Pease's recalculations.

we Calm Conrpae

Bod-enstei.• and Lind: kZ t 1046 ex( -ZO. 100/RT)

Bac_ rt 3.-.: k7 - i13.8 ep(z-18.ZORT)

Steiner 9 27 mneasured the v-alue of k. by studying the ortho-para H3

conversion =n the presence of HBr in the temperature range of 821 -984"K- In

order to extract the desired rate ccefficzi.nts. the H /H equilibrium constant
21

must be k.-(-n. A modern value f.•r this gives results for k that are about

20% larger than St'iner calculated, and therefore results for k - that are

-13-.



about Z0r larger tlas Feuis and K_* gave is their grapd of the various

espevimewas VeSelS.

A review of the literature of the 19l01s and 1950"s reveals several other

estimates of U3 Ik•. any of whicb bhae later bees mistakes for measurenwts.

Cooley and Aderso IZ4I aswed a value of 8. 4 Ms evaianting their H- or

fla studi~s._ Likewise Levy J25J assnw t same value is his high-

tenerature 9&M-147**K) flow stues-. Bwin& and avidsom JZI reported

shock tube smaes ever the tenperature range of 108-1500'K and foud the

ratio to lie E= the ravve of 5-!5.

Briten and Cole I 17i examind the reaction between llý and Br 2 is a

shock tmbe betweem 1300 and I't 'K.. By nwaitoring the Br 2 absorption

spect-rnotricafy dring the comrse of each 'in. they were able to calculate

the comncetrations of products and reactants as famctiess of time. From

these :hey abtai~d am expe".nie-?al rate* CeF~ciezt k = k /it * iH~r)!

(BrZ)j. 3 separate experiments. sior k waves were passed through mihtures

of H11r and- Br. a•d the courve of reaction monitored as before. If the ratio

of Ik_ 3 1k amd !1e equilibrn-m coan*.aA for Brz dissociation are kunow, the two

sets of ezperiaeats gire direct neasures of k:z and k3, respectively-

Actually. Britten and Cole did not assume the value oi k to be known.

but varied it- in arndt to obtaim the most consistent set of rate coefficients.

At 13W0"K, they found the ratio to wary from 9. 5 (for mxitures of 1% HBr)

to 1.Z7 4(for wdxftres of ZO HBr). with aim average value of If-. L At 1700"K.

it varied fromn 9- 15 16brl to 8. Z (Z% HBr). with an average of 8.4.

T•e two most reliable determinations appear to be the recent ones of

Fass [27i and Vidal ff3j. Fass studied the competition between HBr axmd Br2

for H atoms produced by HBr photolysis in the presence of Br 2 at 300-523 *K.

Combining his results with the ihigh-temperature data of Levy [JZ-. Cooley

.nd Anderson [Z41. and Britton and Cole [17]. he deduced the value of

k-$/Az = 6.8 expI800/RT)

-14-



vidal 12s1. usir ess.entiay #he s procedwre as Bach. ane3 oefrer. and

"biRy•-Hing$es [Z1j. studita the rase of forti of "Dr fr mixdures Of

H2 and Drz over the temperature ranVe of 50"-56&'K.- is vaiues for " -k3
lay in the range of 10.7-14.4.- Wbes his results are added to dtose of Fass.

and the warelability of the hi-4mtpernzure determiuatis is talis ioto

a•comed. a sfikgtly differew value for /k-3 appears preferable:

ko3Ikz = 5 Z epO t •00IRT)

These ArPben-,s parameters fall Licely between those for Cl and I as talubted

by Fass. TLis eqycatio for mf gimes values of 9 and about 68 at 1000 and

ZOOO2K. respecti-el.. Using this rew sea expression for k-/kr and modern

themwreammic data. we can recomute the value of k_ from the data of

Bodenstein and Lind and obtain

kI = 1013"-73exp(-17.9001ftT) -

Except at their highest temperature, the scatter in Bodenastei and Lind's data

is on the order of a few percent- if we reject some of the bigh-temperature

res-ults that appear to be spurious, we obtain

Ik 2 = 10 19exp(-_1, 5001RT).

The value of k_z was first determined from kC by Bodenstein and co-exp

workers, as indicated above, and recomputed by Britton and Cole 1 171 with

revised thermodynamic data. Later measurements were made by Bach,

Bonhoeffer. and Xfoelwyn-Hughes [ZI]. Steiner [231. Levy [215, Britton and

C•I I 1-1. Britton and Davidson [261. and Vidal [Z81. The results were re-

viewed by Fettis and Knox [2Z] and more recently by White [121. On the basis

of the data of earlier workers [13. 17. Z, 23. Z51. and taking into account the

expected difference between k-z and the analogous k for the D + Br 2 reaction,

-15-



Fettis and Knox cocind that the rate coefficiet is

k_ 1SIiI"4eu$-59J.700•ftT) -

More receatly. Vidal bas ciombisd his results widthtose of Bodeansein and

Lind[I13j and Bach Bainboefker. and Moelwyn-Ilughes [Zl toobtin

kZ to 14- ezy($-tk400IRT) .

At6u1h the dI beteen dte tuw equatins Mies withn the experi-

nmual scatter Usen es -polated to temperatures above about 700'K, the

lou-temperature discrepancy does not, and Vidal"s results are cInsistently

larger than the earlier results [13. Z11 by about a factor of Z. The only re-

subts above 1000"K are dmose of Levy [251 and of Britian and Cole [171. There-

fore, the range of uncertainty in their - -a-ements is w=rth noting. Levy's

data, as shown in Figure 5 of Vidal [ZS1 or Figure I of Fettis and Kiox [ZZ2

lead to a range of values for k_z of more than one order of magnitude in the

temperature range of 1000-1470'K. The results of Britton and Cole 1171
indicate an uncertainty of about 50% in their temperature range.

In our calculations, we use the rate coefficient in the form recommended

by Fettis and Knox- However, the preceding discussion should make it clear

that, throughout the temperature range of our experiments, there is an un-

certainty of 50W% in k z0 and hence in k. and k-3

By using thermochemical data from JANAF tablies [291. one can fit the

equilibrium constants K2, -2 and K3, - 3 within 5S throughout the temperature

range of our experiments by the expressions K 3 3 . 2. 44T 0.15 exp( -42, 6371

RT). and K -2 = 0.537T-0055 exp(16.784/RT). The previously discussed

values for k- and kz/k_3 can then be used to obtain expressions for the other

atom transfer reactions in the HBr chain. It should be noted, however, that

if the value of Fettis and Knox for k is combined with K2 , -2, the resulting

value for k2 is somewhat larger (by a fctor of 3.8 at ZOOO K and 4. 3 at

1500"l:) than the value of 1.5 10 13exp(-900/RT) reported by Thrush [301.

-16-



14Thrush also reported a value of 1. 5 W 10 exp(-900/RT) for k 3. which was

presumably based on :he Bodenstein and Lind value of 10 for m, the ratio of

k 1k (Both values given by Thrush were reierenced to Bodenstein and-3 2_
Muller 1311 and to Jost [32Z. However. the former authors reported only cm

the rate of Br dissociation, whereas Jost simply repcrted the value of m = 10

obtained previously and did not evalhate the individual rate coefficients.) In

our previous paper [IJ. we based our choice of k 3 on the value given by

Thrush. A value larger by approximately a factor of 4 would be more

consistent with the value used here for k r and the assumed value of-2

k_3 k2 = 10. In the calculations described here, most of which were done be -

fore Vidal's results were available, we allowed k_3 tn vary from- 1. 5 to

6X 10 1 3 exp! -900/RT) in order to obtain the best fit between computed and

experimental curves. In re.rospect, it appears that a better choice for k2

and k3 would have been

k2 1.5 • 114T -0.055e -2, 920/RT
k2  1.45x 1

k_$ 7.•" 114T-0" 05Se-18Z0/RT "

k- =7-5x 10

The latter equation for k 3 gives numerical values that lie within the range

of variation allowed in our computations.

B. DISSOCIATION -RECOMBINATION REACTIONS

The dissociation of bromine molecules has been measured by many

investigators under a variety of conditiGns and in the presence of various

different chaperone gases. The results of workers for those M gases

pertinent to the experiments described in this work are listed in Tables 1-4.

Data for M = Ar are included, even though our experiments were conducted

in pure HBr-, because the only estimates for the dissociation rate in thie

presence of M = HBr are relative to the rate for M = Ar. Thus, it is impor-

tant to establish the latter rate as accurately as possible.

The reverse of the dissociation (the recombination of Br atoms) has

been studied independently by several workers. It had been generally assumed

-17-
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Table I. Bromine Atom Recombination for M = Ar

r.*.. K S. n

S. S.ýfluc t H. L. 1at... 3M 2.31 K so's £~dsrbn

IL -4osat W. C. t. *ta

-a~e . . w~nfee' 006 Z.S120 R.10n Jt .t.
abeirptcn

to. Soesa sad 7.. Dl.sd.4
4  

2G60 3.4 K 20" D.nocltwn.
*6Keer4W.

H . St. &-1 0'. kingre IM. 1.0 K 20 DsncqtaLl

2200 1.0- 2 0I ahb.rpma

1. 2L. .. ,.g. at 5. 2.. V22-311td 423 1.4I KOI absorpflls
L. $1,... 7. C V. C%-. 300 3.73 KEG SS ecom.esnnmon.

K .. ~n. 2..ta . K. V.26,dg 300 2.0 K 10S Rm-cs6121.si.
400 1.1801s 20 -pt

PrKst- 2310 4.4 x 20 I0eia4llon.

1600 2.3K x 014 kb... PiHu

P.ute .. 1 D. 1. He 300 Z.3 x 50ol RKCecbinstKon,

50s 6.2x 10K 4 absorption

o.o Sen's. l.4 S. 0.!. C14.
3  

2300 3.4 KEG R1.4KbuiLntion
700 2.9 x 1014 and diseoIatIoa,

absorption
•. •I1116I•II.L. lrclk300 2.7 X IOI1 Itlio-binaltion.

Ab .rpit-

C. L. .. 4 M 161its I 1500 2.2 X 014 Do-r-.

,1O00 I.5X 10"4 ahsorption

" ,M:. X.. t... 
m 5 2 0 0 3 . 4 X 1 0 1 4 l lIn lua t o n ̀

2000 I.S X 1014 ab'orpt.o.

T. K. L- -K .sd G. Bo,..' 1400 2. 5 X 1014 DissoCiatiOn.

2400 0.6 X 10" mi-.tO.

K. hI,.lpan Bop. rn 300 2.6 X 10" comhinatcon.

I527 .0 X 1014 .bsorption

H 0.. Soyd G. Tarnl. 2. St. L--wr.ua. 1330 1.4 x 1014 Di..oci..on.

anSo Lipp..Pl
5  

2400 6 0 x 2013 moissin

.ur.
9  

300 3 0 x 1015 9.coumbinxtion.
ablonplcon

P.. A. Ie.C.all and K. J. Langl 300 2 2 x 101 2 ccomblnation.

ablorptlon

'!an Fara.,aySou., It 68155193S)

brT... Fraday So. . 32 907 (11365.

Alnsracti.. Am. Chem. Soc. M-tling. 1954 p. M60.

d. Che,. Phyi 25 020 (12965.

,2. Chum. Phy 26. 98 115937.

(J. Chum. l'h'... 26. 1287 (I297).

1 A-. Chem. Soc. 81. 4773 (19395.

h3 Jy.. ch.n. 64 742 529605

amd 1. Chem 32. 1702 51960).

~j. n , 65 1302 (1961£.

k5 Ihysum . 67. 122 51963)

1 . ( hum Phy.. 38. 2435 529635

N.%.'. TN% -- S30Z. 1966. als., J. Ch.m Ph,. . S4 4060 02975)

Sixrth lIolrnlt...1-1 Shock Tub. Sympoclwin. 1967. also. 1h,. Fl.ud.

%.nr1-n. . 209 (2969)

'l0-....n.u larder So- . 44 241 21167) alo. I. (hen, lhye . 49

3022 (2962)

P ( her, , hy, , 49 3804 (1968).

-d (hem. 46 3229529605
I h hem., 74 4101 (1970)

1,d f-5 i(ft , t 01 3 Lre
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Table 2. Bromine Atom Recombination fqr M = Br 2

Temp., k, cci
Worker "K mole-sec Technique

M. Bodenstein and W. Mullera 300 Indirect
H. B. Palmer and D. F. .rnigb 1600 1.2 x 1015 Dissociation;

1000 1.0 x 1013 absorption
W. G. Givens, Jr., and J. E. Wxllardc 300 260 x 1015 Recombination;

400 100 x 1015 Absorption
M. T. Christie, R. S. Roy, and B. A. Thrushd 300 48 x 1015 Indirect;

absorption
D. Brittone 1600 3.0 x 1015 Dissociatton;

absorption
G. Burns and D. F Hornigf 300 <50 x 1015 Recombination;

absorption
M. R. Basila and R. L. Strongg 300 49 × 1015 Recombination;

absorption
G. Burnsh 300 43 x 1015 Recombination;

absorption
R. K. Boyd, J. D. Brown, G., Burns, and 1000 6.0 x 1015 Dissociation;

J. H. Lippiatt1  3000 -. 0.03 X 1015 emission
J. K. K. Ip and G. Burns3  825 4. Zx 1015 Recombination:

absorption
B. A. deCraff and K. J. Langk 300 44 x 1015 Recombination:

absorption

aZ. Elektrochem. , 30, 416 (1924).

bJ. Chem. Phys. , 26, 98 (1957).

Cj. Am. Chem. Soc., 81, 4773 (1959).

dTrans. Faraday Soc., 55, 1139 (1959).

eJ. Phys. Chem. , 64. 742 (1960).

fCanad. J. Chem. , 38, 1702 (1960).

9j. Phys. Chem., 67. 521 (1963).

hCanad. J. Chem., 46. 3229 (1968).

iJ. Chem. Phys. , 49, 3822 (1968).,

JJ. Chem. Phys. , 51, 3414 (1969).

kJ. Phys. Chem., 74, 4181 (1q70).
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that tKe separately measured di$-iato a recon*- nation rate -oefir -est$

we r e relatedb s r all experimenty wtth onude bos. by the trerio- a I
dynamic equilibrium constant- Re-cently, Durns and co-workers 133-361 have
coa-mpared dissociation measureet made by following the disappearance of

Dr. through absorption slpectroscpy with those made by mioni~oring Sr aftom

formation as determined by two-body Br recombinatios emission. By

comparing the temperature r 'gime where the two types of measmrenwatsI

owerlappe. (1300-2000*K). they found agreement above 100-.K but nuted that,

belt 1 1500'K, the rate coefficients oitained irom the Absorptiom measure-.

ments were consistently larger (as much as a factor of two) than those obtained

from emission studies, with the discrepancy increasing as T decrtased

(Fig. 4). In addition, they found that the emission measurements implied
recombination rate coefficients that were related to the dissociation rate
coefficients by the equilibrium constant, whereas the absorption measure-

ments did not. They proposed a theory to account:for these interesting

observations. We should note that. according to our conversion of Warshay's

data [371 from dissociation to recombination rate coefficients, at the highest

temperatures his results yield smaller rate coefficients than those of Burns

and co-workers as shown in Figure 4. The discrepancy appears to be signi-

ficant, contrary to the report of Boyd et al. [341 that, at high temperatures,

the absorption and emission techniques yield identical results. Hlowever, this -

only strengthens the conclusion that the temperature dependences of the two

techniques are significantly different.

Although we are not confident at this time that the theoretical implica-

tions of the foregoing facts are resolved beyond dispute, we would expect the

results obtained by the emission technique to be more appropriate to our work

inasmuch as we also followed the course of the reaction by bromine atom-atom

emission.

In the temperature regime of interest here (1400-2200"K), the shock-

tube emission data of Boyd et al. [341 (see their Figure 4) can be fitted within

about 20%0 by the expression log k_4 r 20-1. 8 log T. In our earlier paper [2],

the value of k 4 reported by Warshay was chosen for the computer calculations,

-22-
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Figure 4. Experimen'al Rate Coefficients for Bromine Atom
Recon-bination in the Presence of Argon as
Obta ned bv Various Workers

-23-



Sk z ,ISM' g14 r1012
.4 r1- i tee * -4u-•ws OEi 4

saliesy arer Qbo a 6cstw off 1.. & 6 1ta d• g by L ah

eqcaiox beso 14SO3K an& ssifttv smflfl&r sbwvr IfiG'XK lbowrwr. in

atseavaing t. MMMIC* the Cwr&mftaaal .•eefies. V e 4 WiOV -- .qir I

of Sold et aL gave valns off & -4thats Were too soon2 as the IVV ague 0 MW

tempWratizre ranwe Theregarr. -A-Cit rItuAr to tbe ezpressm~ ad Waw"I Sy.

Devasse ils t~'s 'work we lkr ivxeremwae in Ik Uith ME z Mirw raghc-r d=

Ar. it is neessrny to 2=m sh rsbre effciescies off Hbr a"l Ar- As Exv-

cated i•. Tables 1-4. keire is m ver. 'uxwb sioamasnm em Hflr ef T-ciew-F.

A* room teomperature. the 4aw.L i Sade!5 vond Jung. as r.fetrpre A axi
"o•r ., AT

recalculated by Swsluvam. -iiolicAt- *at 19 IP.. The%4ewrawr
results ar• qite imrec•.se.. BIt,-,-m and Cole fro'€d as appmrzinsmate •awe b

the ratfi@o-611. -1..3.. Weseberg amdGreene 135. ;a order to mnatch t-zia- ex-

perinicats wmrithi conyer-gemerated profiles. requzred a ratio of appr .xin• l•

$. wbere Ar was the resen of the wosrk of Warsha• 1341- We bega our v•
p. Heor .r tr

PI*ter ca]€•.lations za in tka~t 1k4  -I and zhe- varied .at valum t*

obtain the optbmqn fits.

Although k- and k-, the dissociation rate co'uficiezes for Br in the
0 z

presence of BrT and Br. respectively, are suibject t.o sone wacer-tainay. an

examination of the experimental conditions of the various rcas indc.ated that

neither of these two reactions was significant in any case. For exanq&. at

the low end 41400*K) of the temperature regime, the ext-ent of P.Br dissociation
kkHBr10 o. •.rqre

never exceeded 11. Therefore. a value of k 6 I 4  = 100 wooM be required

in order for reaction (61 to contribute to the chemistry. Boyd et al- ['31

reported a value of k 6 = 8. 8$X 10 3 8 T -7 3. whi-ch implies a value of k6ik4r = 366 ~Ar4at 1400'K (assuming the emission-measured value for kA4 ). However. rp and

Burns 1361 later preferred k. = 7. 1 X 10 T -4- 3, which is smaller by about ao HBr- Ar
factor of 3 at 1400'K. Since k4  1k4  is certainly greater than unity (and

probably close to 3), it is apparent that reaction (6) will contribute less than

30% (and probably less than 10%) to bromine dissociation, a fraction that is

easily lost in the uncertainty of k 4 ' At the high end of the temperature r.-,ge.

i. e., 2300'K, decreasing to 100"*K by the end of the run, the fraction of HBr
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Z NWE f as ffbm dthaffIfti ex~prrimaDmamea .1 - B ir asins was inc.%

slower trai 1%C ca Adom mnce IMS implied that the So kfiaiimde

Walu =as =& arp~ripse, 12 tiS low teamyeraftre raffc (Figs. 5 an fi) O

the eas.&w rute A. which% 6~fikred frem th 6sa set' rate C isa lka

reamIs ;zaU=Wkr.I actrx~atm emrt amm a low~er efficiesc~ for M Har.

codd No fit tree ~aza eithr-er.. P1MU= di te pree -mmila1 term el. Ia

a" help sfficiezaty-. Lz order to Lii the Br atom Profiles, it "as Neessay

to alter am of toiree raze coeffcient , or some i~i 41thCtrc

Iihrk - k3' or k4 %ad to be iscreased at the low edof the tyrtr
rzmge (14:;A- 15MIKIL. This ivt~lied that f&& activration emergy for H~r dissocia-

tiox was slig-ody le=S Siam $3 1kcallwale. possibly near 80 kcaIlnumle. or that

the vaD'.mes ass~r_ 'or k3and k4 is our earlier work [I]sere icret

Thbe results of a lez.4thy series of curve ~mmtchia and parameter variat:A. -"-&

to time COMuIsion~s that *!ýe experim!rental datz a won to aboci* ISSOOK could be,

fitted fai~riy- well by rate coxistant N' listed in Table 5-. The significant differ-

ences between rate'.%' and the previous best rate C are: (1) the activation

energy'k is ra:*t-d to 88 kcal/iriode, and the ratio of efficiencies, k HBr~kAr

reduced from 15 to 3-. 7:5. (2k-) is four timets the previous value, which is

the upper end of the variation considered in Section V, and (3) k 5 is unchanged,

which meant that if the ermission data of Boyd et al. for estimating k A were

correct, the k.5~ ,Ar 4 1. 5. Figures I and 8 illustrate the comparison

between experimental profiles and several computed profiles for tv.D represen-

tative runs. In o~rder to fit the data between 1550 and 1450'K. it -was necessary

either to increase 1z 4bvý a factor of Z (rate P. Table 5) or more, or to increase
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k 3 by a factor of 2 (rate T, Table 5). Either change reduced the fit somewhat

in the 1700-2000 K range. The change in rate T gave a set of rate coefficients

that fitted fairly well throughout the entire temperature range of the experi-

ments as well as the temperature range of oir earlier work [f]. However, as

indicated in Section V, such a large value for k_3 is about 30% larger than the

probable upper limit of uncertainty as based on the results of previous workers.
Nevertheless, we believe that a value of k_ 3 larger than the previous "best
estimate" may be appropriate.

Another possible way to fit the low temperature data would be to lower

the activation energy for k, by a few kcal/mole. An alternative explanation

for the recalcitrance of the data below 15500 K could be a systematic error

of about 2% in the temperature estimations of the shock-heated gas. Since

we cannot guarantee much greater accuracy than this in the temperature

measurements, we are reluctant to probe further into the fine details of the

various rate coefficients. Westberg and Greene [38] were able to fit their
.HBr. Ar

HBr dissociation data (1500-2700°K) with the assumption that k1  /kr1  = iAr I

and kr4 - 3. Their value for k_3 closely approximates the value of rate T,

i.e., about two times the value of rate N. In other respects, their conclusions
agree with those given here. Our value for k H•r is almost four times larger

HHBr

than theirs, our k4  is about one-third as large as theirs, and our k3 is the

same as or one-half as large as theirs.

The coefficients of rates T and N were then applied to several runs

from our earlier work [I] to determine if they would fit the data in the tem-

perature range of 2400-38000K. In all but one case, the fit was reasonably
good, but could be improved by decreasing kt by a factor of 4. Figures 8

and 9 show two of the high-temperature experimental profiles and the computer

curves generated by rates C, N, T, N', and T'. N' and TV differ from N and
T by the values of k~r:

N and T N and T'

kAr: 102 2 . 0 8 T-2 10- 8 8 /6  021. 4 8 T-2
1 0 88/0

kHBr / Ark / /k : 3.75 15
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$ shown in the figures, the sensitiviLy of the computed profiles to this

Lriation of a factor of 4 is not great. Thus, we conclude that the best value

r k Ar is 10 278* 0 "3 T-2 10"88/0 cc/mole-sec.

II
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